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o

210 Embed a bridge die in a substrate

'

99 Form a joint incduding a first conductive material, connected
Y with the bridge o route electrical signals beyond a surface of
the substrate

l

230 Form a barrier layer including a second conductive material,
directly on the joint

'

24 Form a solder layer including a third conductive material,
L directly on the barrier layer, the barrier layer and the solder
layer being configured o route the electrical signals

End

Fig. 2
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1
BRIDGE INTERCONNECTION WITH
LAYERED INTERCONNECT STRUCTURES

FIELD

Embodiments of the present disclosure generally relate to
the field of integrated circuits, and more particularly, to tech-
niques and configurations for bridge interconnection with
layered interconnect structures, in integrated circuit assem-
blies.

BACKGROUND

Embedded bridge interconnection may provide faster com-
munication between processors and memory chips. Various
dies may need to be attached to a substrate at the first level
interconnection (FLI) to enable high performance computing
(HPC). As dies continue to shrink to smaller dimensions, a
finer pitch is generally needed between interconnect struc-
tures at the FLI level.

Providing a finer pitch for future computing devices may
be challenging using present technologies. For example,
presently, a mixed bump pitch between processor die and
memory die, may make packaging and assembly very chal-
lenging and result in poor yield performance. FLI joint archi-
tecture that employs a solder paste printing (SPP) process
may result in yield failures due to limitations to solder bump
height and/or solder volume on the dies, which may result in
non-contact opens and bump cracks, especially for smaller
pitch areas of the FLI. Moreover, electromigration risk may
be elevated due to copper (Cu) diffusion and organic solder
preservative (OSP) surface finish used on a substrate side for
FLI joint.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will be readily understood by the following
detailed description in conjunction with the accompanying
drawings. To facilitate this description, like reference numer-
als designate like structural elements. Embodiments are illus-
trated by way of example and not by way of limitation in the
figures of the accompanying drawings.

FIG. 1 schematically illustrates a cross-section side view of
an example integrated circuit (IC) assembly configured to use
embedded bridge interconnections with layered interconnect
structures in a substrate, in accordance with some embodi-
ments.

FIG. 2 schematically illustrates a flow diagram of a pack-
age substrate fabrication process for forming a substrate
embedded with bridge interconnection using layered inter-
connect structures, in accordance with some embodiments.

FIG. 3 schematically illustrates cross-sectional views of
some selected operations, prior to embedding a bridge in a
substrate, in connection with the package substrate fabrica-
tion process illustrated in FIG. 2, in accordance with some
embodiments.

FIG. 4 schematically illustrates cross-sectional views of
some other selected operations, prior to embedding a bridge
in a substrate, in connection with the package substrate fab-
rication process illustrated in FIG. 2, in accordance with some
embodiments.

FIG. 5 schematically illustrates cross-sectional views of
some selected operations to embed a bridge in a substrate, in
connection with the package substrate fabrication process
illustrated in FIG. 2, in accordance with some embodiments.

FIG. 6 schematically illustrates cross-sectional views of
some selected operations to form a layered interconnect
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structure, in connection with the package substrate fabrica-
tion process illustrated in FIG. 2, in accordance with some
embodiments.

FIG. 7 schematically illustrates cross-sectional views of
some other selected operations to form a layered interconnect
structure, in connection with the package substrate fabrica-
tion process illustrated in FIG. 2, in accordance with some
embodiments.

FIG. 8 schematically illustrates cross-sectional views of
some selected operations to finalize a layered interconnect
structure, in connection with the package substrate fabrica-
tion process illustrated in FIG. 2, in accordance with some
embodiments.

FIG. 9 schematically illustrates a flow diagram of an
assembly process utilizing a package substrate with embed-
ded bridge interconnections, in accordance with some
embodiments.

FIG. 10 schematically illustrates a computing device that
includes embedded bridge interconnections with layered
interconnect structures in a substrate as described herein, in
accordance with some embodiments.

DETAILED DESCRIPTION

Embodiments of the present disclosure describe tech-
niques and configurations for bridge interconnection with
layered interconnect structures, in integrated circuit assem-
blies. In the following description, various aspects of the
illustrative implementations will be described using terms
commonly employed by those skilled in the art to convey the
substance of their work to others skilled in the art. However,
it will be apparent to those skilled in the art that embodiments
of'the present disclosure may be practiced with only some of
the described aspects. For purposes of explanation, specific
numbers, materials and configurations are set forth in order to
provide a thorough understanding of the illustrative imple-
mentations. However, it will be apparent to one skilled in the
art that embodiments of the present disclosure may be prac-
ticed without the specific details. In other instances, well-
known features are omitted or simplified in order not to
obscure the illustrative implementations.

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof,
wherein like numerals designate like parts throughout, and in
which is shown by way of illustration embodiments in which
the subject matter of the present disclosure may be practiced.
It is to be understood that other embodiments may be utilized
and structural or logical changes may be made without
departing from the scope of the present disclosure. Therefore,
the following detailed description is not to be taken in a
limiting sense, and the scope of embodiments is defined by
the appended claims and their equivalents.

For the purposes of the present disclosure, the phrase “A
and/or B” means (A), (B), or (A and B). For the purposes of
the present disclosure, the phrase “A, B, and/or C” means (A),
(B), (C), (A and B), (A and C), (B and C), or (A, B and C).

The description may use perspective-based descriptions
such as top/bottom, in/out, over/under, and the like. Such
descriptions are merely used to facilitate the discussion and
are not intended to restrict the application of embodiments
described herein to any particular orientation.

The description may use the phrases “in an embodiment”,
“in embodiments”, or “in some embodiments” which may
each refer to one or more of the same or different embodi-
ments. Furthermore, the terms “comprising,” “including,”
“having,” and the like, as used with respect to embodiments of
the present disclosure, are synonymous.
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The term “coupled with” along with its derivatives, may be
used herein. “Coupled” may mean one or more of the follow-
ing. “Coupled” may mean that two or more elements are in
direct physical or electrical contact. However, “coupled” may
also mean that two or more elements indirectly contact each
other, but yet still cooperate or interact with each other, and
may mean that one or more other elements are coupled or
connected between the elements that are said to be coupled
with each other. The term “directly coupled” may mean that
two or more elements are in direct contact.

In various embodiments, the phrase “a first feature formed,
deposited, or otherwise disposed on a second feature” may
mean that the first feature is formed, deposited, or disposed
over the second feature, and at least a part of the first feature
may be in direct contact (e.g., direct physical and/or electrical
contact) or indirect contact (e.g., having one or more other
features between the first feature and the second feature) with
at least a part of the second feature.

Asused herein, the term “module” may refer to, be part of,
or include an Application Specific Integrated Circuit (ASIC),
an electronic circuit, a system-on-chip (SoC), a processor
(shared, dedicated, or group) and/or memory (shared, dedi-
cated, or group) that execute one or more software or firm-
ware programs, a combinational logic circuit, and/or other
suitable components that provide the described functionality.

FIG. 1 schematically illustrates a cross-section side view of
an example IC assembly 100 configured to use embedded
bridge interconnections with layered interconnect structures
in a substrate, in accordance with some embodiments. In
embodiments, IC assembly 100 may include one or more
dies, such as die 110 and die 120, electrically and/or physi-
cally coupled with package substrate 150, as can be seen.
Package substrate 150 may further be electrically coupled
with circuit board 190, as can be seen. As used herein, first
level interconnect (FLI) may refer to the interconnect
between a die and a package substrate while second level
interconnect (SLI) may refer to the interconnect between a
package and a circuit board.

Die 110 or 120 may represent a discrete unit made from a
semiconductor material using semiconductor fabrication
techniques such as thin film deposition, lithography, etching
and the like. In some embodiments, die 110 or 120 may
include, or be a part of a processor, memory, SoC or ASIC.
Die 110 and 120 can be attached to package substrate 150
according to a variety of suitable configurations including, a
flip-chip configuration, as depicted, or other configurations
such as, for example, being embedded in package substrate
150. In the flip-chip configuration, die 110 or 120 may be
attached to a surface (e.g., side S1) of package substrate 150
using FLI structures such as interconnect structures 130, 135,
which are configured to electrically and/or mechanically
couple the dies 110, 120 with the package substrate 150 and
route electrical signals between one or more of the dies 110,
120 and other electrical components. In some embodiments,
the electrical signals may include input/output (I/O) signals
and/or power/ground associated with operation of the dies
110, 120.

The interconnect structure 130 may be electrically coupled
with the bridge 140 to route the electrical signals between the
dies 110,120 using the bridge 140. The interconnect structure
130 may, as discussed further below, substantially inhibit
diffusion and mitigate electromigration risks and provide
higher and more compliant FLI joint and standoff height,
which may improve assembly performance, reduce assembly
yield loss, and enhance FLI reliability.

The interconnect structure 135 may be configured to route
the electrical signals between a die (e.g., die 110) and an
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electrical pathway 133 that passes through the package sub-
strate 150 from a first side S1 to a second side S2 that is
opposite to the first side S1. For example, the interconnect
structure 135 may be coupled with other interconnect struc-
tures (e.g., interconnect structure 137) such as, for example,
trenches, vias, traces, or conductive layers and the like that are
configured to route electrical signals of the die 110 between
the first side S1 and the second side S2 of the package sub-
strate 150. The interconnect structure 135 may be part of the
electrical pathway 133 in some embodiments.

The interconnect structure 137 is merely an example struc-
ture for the sake of discussion and may represent any of a
variety of suitable interconnect structures and/or layers. Simi-
larly configured interconnect structures 130 and 135 may
couple the die 120 or other dies (not shown) with the package
substrate 150. The package substrate 150 may include more
or fewer interconnect structures or layers than depicted. In
some embodiments, an electrically insulative material such
as, for example, molding compound or underfill material (not
shown) may partially encapsulate a portion of dies 110 or 120,
and/or interconnect structures 130, 135.

In some embodiments, bridge 140 may be configured to
electrically connect dies 110 and 120 with one another. In
some embodiments, bridge 140 may include interconnect
structures (e.g., interconnect structure 130) to serve as elec-
trical routing features between the dies 110 and 120. In some
embodiments, a bridge may be disposed between some dies
on package substrate 150 and not between other dies. In some
embodiments, a bridge may not be visible from a top view.
Bridge 140 may be embedded in a cavity of package substrate
150 in some embodiments. Bridge 140 may be a high density
routing structure that provides routes for electrical signals.
Bridge 140 may include a bridge substrate composed of glass
or a semiconductor material, such as high resistivity silicon
(Si) having electrical routing interconnect features formed
thereon, to provide a chip-to-chip connection between the
dies 110 and 120. Bridge 140 may be composed of other
suitable materials in other embodiments. In some embodi-
ments, the package substrate 150 may include multiple
embedded bridges to route electrical signals between mul-
tiple dies.

In some embodiments, package substrate 150 is an epoxy-
based laminate substrate having a core and/or build-up layers
such as, for example, an Ajinomoto Build-up Film (ABF)
substrate. Package substrate 150 may include other suitable
types of substrates in other embodiments including, for
example, substrates formed from glass, ceramic, or semicon-
ductor materials.

Circuit board 190 may be a printed circuit board (PCB)
composed of an electrically insulative material such as an
epoxy laminate. For example, circuit board 190 may include
electrically insulating layers composed of materials such as,
for example, polytetrafluoroethylene, phenolic cotton paper
materials such as Flame Retardant 4 (FR-4), FR-1, cotton
paper and epoxy materials such as CEM-1 or CEM-3, or
woven glass materials that are laminated together using an
epoxy resin prepreg material. Structures such as traces,
trenches, vias may be formed through the electrically insu-
lating layers to route the electrical signals of the die 110 or
120 through circuit board 190. Circuit board 190 may be
composed of other suitable materials in other embodiments.
In some embodiments, circuit board 190 is a motherboard
(e.g., motherboard 1002 of FIG. 10).

Package-level interconnects such as, for example, solder
balls 170 or land-grid array (LLGA) structures may be coupled
to one or more lands (hereinafter “lands 160”) on package
substrate 150 and one or more pads 180 on circuit board 190
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to form corresponding solder joints that are configured to
further route the electrical signals between the package sub-
strate 150 and the circuit board 190. Lands 160 and/or pads
180 may be composed of any suitable electrically conductive
material such as metal including, for example, nickel (Ni),
palladium (Pd), gold (Auw), silver (Ag), copper (Cu), and
combinations thereof. Other suitable techniques to physically
and/or electrically couple package substrate 150 with circuit
board 190 may be used in other embodiments.

FIG. 2 schematically illustrates a flow diagram of a pack-
age substrate fabrication process (hereinafter “process 200”)
for forming a substrate (e.g., package substrate 150 of FIG. 1)
embedded with bridge interconnection using layered inter-
connect structures (e.g., interconnect structure 130 of FIG. 1),
in accordance with some embodiments. The process 200 may
comport with embodiments described in connection with
FIGS. 3-8 according to various embodiments.

At210, the process 200 may include forming a bridge (e.g.,
bridge 140 of FIG. 1) in a substrate. In embodiments, the
bridge may be composed of glass or a semiconductor material
(e.g., Si) and include electrical routing features to route elec-
trical signals between dies. In some embodiments, the bridge
may be disposed in or within a plane formed by one or more
build-up layers of the substrate. For example, as can be seen
in the depicted embodiment in connection with FIG. 1, bridge
140 is embedded in the build-up layers of substrate 150. In
some embodiments, the bridge may be disposed in a plane
formed by the build-up layers, but formed separately from the
build-up layers.

In some embodiments, forming the bridge (e.g., bridge 140
of FIG. 1) disposed in a plane of the build-up layers may be
performed by embedding the bridge in build-up layers as part
of'the formation of the build-up layers or by forming a cavity
in the build-up layers and placing the bridge in the cavity
subsequent to formation of the build-up layers, according to
any suitable technique. The bridge may be embedded in the
substrate during fabrication described in connection with
FIGS. 3-5 according to various embodiments.

At220, the process 200 may include forming a joint includ-
ing a first conductive material, connected with the bridge to
route electrical signals beyond a surface of the substrate. In
embodiments, the joint may be a part of the interconnect
structure (e.g., interconnect structure 130 of FIG. 1) that may
electrically couple the bridge to a die. The joint may include
the first electrically conductive material. In one embodiment,
the first electrically conductive material may include Cu. In
other embodiments, the first electrically conductive material
may include other chemical compositions, or combinations
thereof. In embodiments, the joint may include structures
such as, for example, traces, trenches, vias, lands, pads or
other structures that provide corresponding electrical path-
ways for electrical signals of a die through the package sub-
strate to an embedded bridge, then, for example, to another
die electrically coupled to the bridge. In one embodiment, the
joint may include a via structure. In an embodiment, the joint
may further include a pad structure coupled with the via
structure. The joint may be formed during fabrication
described in connection with FIG. 6 according to various
embodiments.

At230, the process 200 may include forming a barrier layer
including a second conductive material, directly on the joint.
In embodiments, the barrier layer may include the second
electrically conductive material, such as a barrier metal, and
be applied to cover the joint. The barrier layer may reduce or
prevent diffusion of the first conductive material used in the
joint into surrounding materials, while maintaining an elec-
trical connection between the joint and a die. The second
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conductive material may have a different chemical composi-
tion than the first conductive material. The second electrically
conductive material may include, for example, nickel (Ni),
tantalum (Ta), hafnium (Hf), niobium (Nb), zirconium (Zr),
vanadium (V), tungsten (W), or combinations thereof. In
some embodiments, the second electrically conductive mate-
rial may include conductive ceramics, such as tantalum
nitride, indium oxide, copper silicide, tungsten nitride, and
titanium nitride.

In embodiments, the barrier layer may mitigate the risk of
electromigration. The risk of electromigration may increase
with higher direct current densities when structure size in
electronics such as integrated circuits (ICs) decreases. Elec-
tromigration may cause diffusion processes, such as grain
boundary diffusion, bulk diffusion, or surface diffusion. In
embodiments, when the first conductive material includes
copper, surface diffusion may be dominant in copper inter-
connects caused by electromigration. The barrier layer may
prevent copper diffusion between the neighboring copper
and/or copper alloy lines. In one embodiment, electrolytic
plating may be used to form the barrier layer. The barrier layer
may be formed during fabrication described in connection
with FIG. 7 according to various embodiments.

At 240, the process 200 may include forming a solder layer
including a third conductive material, directly on the barrier
layer, the barrier layer and the solder layer being configured to
route electrical signals. In embodiments, the solder layer may
include a third electrically conductive material, such as a
fusible metal alloy, that is applied on the barrier layer. The
solder layer may be used to join together the underlying
structure including the barrier layer and the joint with a die via
its connection points, while maintaining an electrical connec-
tion between the underlying structure and the die. In embodi-
ments, the joint, the barrier layer, and the solder layer may
collectively form an interconnect structure to route electrical
signals between the bridge and a die.

In embodiments, the third conductive material may have a
different chemical composition than the first and second con-
ductive material. The third electrically conductive material
may include, for example, tin (Sn), silver (Ag), nickel (Ni),
zine (Zn), or combinations thereof. The solder layer may be
formed during fabrication described in connection with FIG.
7 according to various embodiments. In other embodiments,
the solder layer may be formed by electrolytic plating, past
printing, uball bumping, or other compatible processes.

Various operations are described as multiple discrete
operations in turn, in a manner that is most helpful in under-
standing the claimed subject matter. However, the order of
description should not be construed as to imply that these
operations are necessarily order dependent. Operations of the
process 200 may be performed in another suitable order than
depicted. In some embodiments, the process 200 may include
actions described in connection with FIGS. 3-8 and vice
versa.

FIG. 3 schematically illustrate cross-sectional views of
some selected operations, prior to embedding a bridge, in
connection with the package substrate fabrication process
200 illustrated in FIG. 2, in accordance with some embodi-
ments. Referring to operation 392, the substrate is depicted
subsequent to forming a dielectric layer 320 over a patterned
metal layer 310, as can be seen. In embodiments, the pat-
terned metal layer and any number of layers below the pat-
terned metal layer may be part of the substrate, and may be
formed in any manner known in the art. For example, the
patterned metal layer may be a top or outermost conductive
layer of a build-up layer formed with a semi-additive process
(SAP).
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In embodiments, dielectric layer 320 may be composed of
any of a wide variety of suitable dielectric materials includ-
ing, for example, epoxy-based laminate material, silicon
oxide (e.g., Si0,), silicon carbide (SiC), silicon carbonitride
(SiCN), or silicon nitride (e.g., SiN, Si;N,, etc.). Other suit-
able dielectric materials may also be used including, for
example, low-k dielectric materials having a dielectric con-
stant k that is smaller than a dielectric constant k of silicon
dioxide. In embodiments, dielectric layer 320 may be formed
by depositing a dielectric material using any suitable tech-
nique including, for example, atomic layer deposition (ALD),
physical vapor deposition (PVD) or chemical vapor deposi-
tion (CVD) techniques. In embodiments, dielectric layer 320
may include a polymer (epoxy based resin) with silica filler to
provide suitable mechanical properties that meet reliability
requirements of the package. In embodiments, dielectric
layer 320 may be formed as a film of polymer, such as by ABF
lamination. Dielectric layer 320 may have a suitable ablation
rate to enable laser patterning as described elsewhere herein.

Referring to operation 394, the substrate is depicted sub-
sequent to forming cavity 332 on dielectric layer 320, as can
be seen. In embodiments, cavity 332 may be a via hole which
may be laser drilled into dielectric layer 320 to expose a
portion of the patterned metal layer 310. Any conventional
technique may be used, such as employing CO2 laser, to form
cavity 332. In embodiments, a desmear process may be sub-
sequently applied to remove smeared dielectric material, such
as epoxy-resin, from the surface of the patterned metal layer
310, to prevent the smear residue to form another dielectric
layer.

In embodiments, metallic seed layer 330 is then deposited
on the top of the N-2 layer with any suitable techniques. In
some embodiments, electroless plating may be used to form
metallic seed layer 330. For example, a catalyst, such as
palladium (Pd) may be deposited followed by an electroless
copper (Cu) plating process. In some embodiments, a physi-
cal vapor deposition (i.e., sputtering) technique may be used
to deposit metallic seed layer 330. Referring to operation 396,
the substrate is depicted subsequent to forming a photosen-
sitive layer such as, for example, a dry film resist (DFR) layer
336, as can be seen. In embodiments, DFR layer 336 may be
laminated and patterned using any technique known in the art.
In embodiments, opening 328 in DFR layer 336 may have
bigger lateral dimensions than cavity 332, as can be seen.

FIG. 4 schematically illustrates cross-sectional views of
some other selected operations, prior to embedding a bridge,
in connection with the package substrate fabrication process
illustrated in FIG. 2, in accordance with some embodiments.
Referring to operation 492, the substrate is depicted subse-
quent to depositing a conductive material into cavity 332 and
opening 328, as can be seen. In embodiments, the conductive
material may include the first electrically conductive mate-
rial, as discussed above, such as metal including, for example,
nickel (Ni), palladium (Pd), gold (Au), silver (Ag), copper
(Cu), and combinations thereof. In embodiments, cavity 332
and opening 328 may be filled, for example, with an electro-
Iytic plating process. In embodiments, an electrolytic copper
plating process may be performed to fill cavity 332 and open-
ing 328. In embodiments, interconnect structure 410 formed
in operation 492 may protrude above the surface of the N-2
layer.

Referring to operation 494, the substrate is depicted sub-
sequent to stripping DFR, as can be seen. In embodiments, the
DFR may be removed using any conventional strip process.
Referring to operation 496, the substrate is depicted subse-
quent to etching metallic seed layer 330, as can be seen. In
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embodiments, DFR stripping may further delineate intercon-
nect structure 410 and expose the underlying dielectric layer
320.

FIG. 5 schematically illustrates cross-sectional views of
some selected operations to embed a bridge, in connection
with the package substrate fabrication process illustrated in
FIG. 2, in accordance with some embodiments. Referring to
operation 592, the substrate is depicted subsequent to forming
bridge cavity 502, as can be seen. In embodiments, bridge
cavity 502 may be provided for placement of a bridge. In
embodiments, at least a part of dielectric layer 320 may be
removed by exposure to heat or chemicals to form bridge
cavity 502. In embodiments, bridge cavity 502 may be laser
drilled into dielectric layer 320 to expose a portion of the
patterned metal layer 310. In other embodiments, bridge cav-
ity 502 may be left open during fabrication of the previously
discussed build-up layers. In yet other embodiments, bridge
cavity 502 may be formed through the previously discussed
build-up layers using a patterning process. For example,
dielectric layer 320 may be composed of a photosensitive
material that is amenable to masking, patterning and etching,
or develop processes.

Referring to operation 594, the substrate is depicted sub-
sequent to mounting bridge 530 (only showing a part of the
bridge), as can be seen. In embodiments, bridge 530 may
include a bridge substrate composed of glass or a semicon-
ductor material, such as high resistivity silicon (Si) having
electrical routing interconnect features formed thereon, to
provide a chip-to-chip connection between dies. In embodi-
ments, bridge 530 may be mounted on the patterned metal
layer 310 using adhesive layer 520. The material of adhesive
layer 520 may include any suitable adhesive configured to
withstand processes associated with fabrication of the sub-
strate. In embodiments, chemical treatments, such as copper
roughing technique, may be applied to improve adhesion
between bridge 530 and its surrounding surfaces. In embodi-
ments, bridge 530 may have routing features 540, such as
pads, protruding above the surface of the bridge substrate, and
configured as connection points to route electrical signals to
and from bridge 530.

Referring to operation 596, the substrate is depicted sub-
sequent to forming dielectric layer 550 over bridge 530, thus
substantially forming the N-1 layer on the N-2 Layer, as can
be seen. In embodiments, dielectric layer 550 may be com-
posed of any of a wide variety of suitable dielectric materials.
In embodiments, dielectric layer 550 may be formed by
depositing a dielectric material using any suitable technique
including, for example, atomic layer deposition (ALD),
physical vapor deposition (PVD) or chemical vapor deposi-
tion (CVD) techniques. In embodiments, dielectric layer 320
may include a polymer (e.g., epoxy-based resin) and may
further include a filler (e.g., silica) to provide suitable
mechanical properties that meet reliability requirements of
the package. In embodiments, dielectric layer 320 may be
formed as a film of polymer, such as by ABF lamination.
Dielectric layer 550 may have a suitable ablation rate to
enable laser patterning as described elsewhere herein.

FIG. 6 schematically illustrates cross-sectional views of
some selected operations to form a layered interconnect
structure (e.g., interconnect structure 130 of FIG. 1), in con-
nection with the package substrate fabrication process illus-
trated in FIG. 2, in accordance with some embodiments.

Referring to operation 692, the substrate is depicted sub-
sequent to forming cavities 604 on dielectric layer 550, as can
be seen. In embodiments, a cavity may be a via hole which
may be laser drilled into dielectric layer 550 to expose a
portion of the underlying routing features 540. Any conven-
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tional technique may be used, such as employing CO2 laser,
to form cavities 604. In embodiments, a desmear process may
be subsequently applied to remove smeared dielectric mate-
rial, such as epoxy-resin, from the bottom surface of cavity
604, to prevent the smear residue to form another dielectric
layer. In embodiments, metallic seed layer 610 is then depos-
ited on the top of the N-1 layer with any suitable techniques.
In some embodiments, electroless plating may be used to
form metallic seed layer 610. For example, a catalyst, such as
palladium (Pd) may be deposited followed by an electroless
copper (Cu) plating process. In some embodiments, a physi-
cal vapor deposition (i.e., sputtering) technique may be used
to deposit metallic seed layer 330.

Referring to operation 694, the substrate is depicted sub-
sequent to forming a photosensitive layer such as, for
example, dry film resist (DFR) layer 612, thus substantially
forming the N layer on the N-1 Layer, as can be seen. In
embodiments, DFR layer 612 is laminated and patterned
using any technique known in the art. In embodiments, open-
ing 614 in DFR layer 612 may have bigger lateral dimensions
than cavity 604. In embodiments, operation 694 may be per-
formed on both the top and bottom side (e.g., side S1 and S2
of FIG. 1) of the substrate.

Referring to operation 696, the substrate is depicted sub-
sequent to depositing a conductive material into cavity 604
and opening 614, as can be seen. In embodiments, the con-
ductive material may include the first electrically conductive
material, as discussed above, such as metal including, for
example, nickel (N1), palladium (Pd), gold (Au), silver (Ag),
copper (Cu), and combinations thereof. In embodiments, cav-
ity 604 and the opening 614 may be filled, for example, with
an electrolytic plating process. In embodiments, an electro-
Iytic copper plating process may be performed to fill cavity
604 and opening 614 to form joint 620. At operation 696, over
plated fill metal may be removed by one or more of, etching,
buff grinding, chemical-mechanical polishing, etc. to pla-
narize joint 620. For example, chemical, mechanical polish-
ing (CMP) or buff grinding may be used to first planarize joint
620 and then etching may be employed to remove any remain-
ing fill metal from the top surface of DFR layer 612. In
embodiments, the interconnect structure or joint 620 formed
in operation 696 may protrude above the surface of the N-1
layer (e.g., in the formation of a pad structure) and be config-
ured to couple bridge 530 with dies.

In embodiments, other layered FLI interconnect structures
(e.g., interconnect structure 135 of FIG. 1) may be formed in
part by the operations of 692, 694, and 696.

FIG. 7 schematically illustrates cross-sectional views of
some other selected operations to form the layered intercon-
nect structure, in connection with the package substrate fab-
rication process illustrated in FIG. 2, in accordance with some
embodiments. Referring to operation 792, the substrate is
depicted subsequent to forming barrier layer 710 directly on
the joint, as can be seen. In embodiments, barrier layer 710
may include the second electrically conductive material, such
as a barrier metal, and be applied to cover the joint. Barrier
layer 710 may be configured to inhibit diffusion of the first
conductive material used in the joint, while maintaining an
electrical connection between the joint and a die. The second
conductive material may differ with the first conductive mate-
rial. The second electrically conductive material may include,
for example, nickel (Ni), tantalum (Ta), tantalum nitride
(TaN), titanium nitride (TiN), titanium tungsten (TiW),
hafnium (Hf), niobium (Nb), zirconium (Zr), vanadium (V),
or tungsten (W) and combinations thereof. In some embodi-
ments, the second electrically conductive material may
include conductive ceramics, such as tantalum nitride, indium
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oxide, copper silicide, tungsten nitride, and titanium nitride.
Barrier layer 710 may be composed of multiple layers of
different materials in some embodiments. In embodiments,
operation 792 may include application of a protective film on
the back side of the substrate.

Barrier layer 710 may be deposited using any suitable
deposition technique. In some embodiments, one or more
barrier materials of barrier layer 710 may be deposited using
PVD technique. Barrier layer 710 may be formed using other
suitable deposition techniques in other embodiments.

Referring to operation 794, the substrate is depicted sub-
sequent to forming solder layer 720 directly on the barrier
layer, as can be seen. In embodiments, solder layer 720 may
include the third electrically conductive material, such as a
fusible metal alloy, and be applied on barrier layer 710. In
embodiments, the third conductive material may differ with
the first and second conductive material. The third electrically
conductive material may include, for example, tin (Sn), silver
(Ag), nickel (Ni), zinc (Zn), and combinations thereof. In
embodiments, solder layer 720 may be used to join together
the underlying structure with a die and maintain an electrical
connection between the underlying structure and the die. In
embodiments, joint 620, barrier layer 710, and solder layer
720 may collectively form an interconnect structure to route
electrical signals between bridge 530 and one or more dies,
such as die 110 and 120 in connection with FIG. 1.

Referring to operation 796, the substrate is depicted sub-
sequent to stripping DFR layer 612, as can be seen. In
embodiments, DFR layer 612 may be removed using any
conventional strip process. In embodiments, portions of
metallic seed layer 610 may be removed, for example, by
etching, so as to further delineate the interconnect structure.
In some embodiments, the etch processes may include wet
etching of metallic seed layer 610. Other suitable etch tech-
niques or chemistries may be used in other embodiments. In
embodiments, the protective film on the back side of the
substrate may also be removed.

In embodiments, other layered FLI interconnect structures
(e.g., interconnect structure 135 of FIG. 1) may be partially
formed by the operations of 792, 794, and 796.

FIG. 8 schematically illustrates cross-sectional views of
some selected operations to finalize a layered interconnect
structure, in connection with the package substrate fabrica-
tion process illustrated in FIG. 2, in accordance with some
embodiments. Referring to operation 892, the substrate is
depicted subsequent to exposing bump areas on a top side
(e.g., side S1 of FIG. 1). In embodiments, a solder resist (SR)
layer may be deposited on the dielectric layer 550. In embodi-
ments, the SR layer may be patterned at non-bump area to
cover traces or other electrical routing features, also form
fiducial pad for assembly, for example pad 802. Subse-
quently, the bump area SR layer may be removed on a top side
(e.g., side S1 of FIG. 1) of the substrate with techniques such
as SR exposure or SR development. In other embodiments,
the SR layer may be removed from the bump area using any
suitable technique including, for example, patterning tech-
niques such as etch and/or lithography. In embodiments,
operation 892 may additionally include SR lamination and
formation of solder resist openings (SROs) on the bottom
(e.g., side S2 of FIG. 1) of the substrate (not shown).

Referring to operation 894, the substrate is depicted sub-
sequent to forming protective film 804, as can be seen. The
protective film 804 may protect components on the top (e.g.,
side S1 of FIG. 1) of the substrate during processing on the
back (e.g., side S2 of FIG. 1) of the substrate. In embodi-
ments, protective film 804 may be formed by any suitable
technique, such as thin film deposition technique. In embodi-
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ments, a Nickel-Palladium-Gold (NiPdAu) lead surface fin-
ish (SF) may be applied on the back side of the substrate (not
shown) while the protective film 804 is applied to the top of
the substrate.

Referring to operation 896, the substrate is depicted sub-
sequent to forming a round bump top on the interconnect
structure, as can be seen. In embodiments, protective film 804
may be removed first, and then solder layer 720 may be
reflowed into a round shape using a thermal process to elevate
a temperature of the solder layer above a reflow temperature
of the solder material.

In embodiments, other layered FLI interconnect structures
(e.g., interconnect structure 135 of FIG. 1) may be partially
formed by the operations of 892, 894, and 896.

FIG. 9 schematically illustrates a flow diagram of an
assembly process 900 utilizing a package substrate with
embedded bridge interconnections, in accordance with some
embodiments. Such a package substrate may be produced
through the illustrative processes described in reference to
FIGS. 2-8 above.

Assembly process 900 begins at operation 910 with receiv-
ing a package substrate having an embedded bridge with
layered interconnect structures (e.g., interconnect structure
130 of FIG. 1). The package substrate depicted in FIG. 8 may
be used in the assembly process 900.

Atoperation 920, an IC chip may be received with chip I/O
connection points (e.g., pads, bumps or pillars). While the IC
chip may generally be of any conventional type, in some
embodiments, the IC chip may be a processor, such as a
microprocessor, having a large /O count. In some embodi-
ments the IC chip may be a memory die, having a large I/O
count. In some embodiments, solder may be applied to the
chip /O connection points.

At operation 930, the IC chip may be aligned with the
package substrate such that the soldered chip I/O connection
points are aligned with the layered interconnect structures.
Solderable material of the layered interconnect structures
and/or solder on the chip /O connection points is then
reflowed at operation 940 to aftix the IC chip to the layered
interconnect structures. Additional operations may be per-
formed to complete the packaging at 950. For example, in
some embodiments, an electrically insulative material may be
deposited to encapsulate or partially encapsulate the IC chip
and/or the package substrate may be further coupled with a
circuit board.

Embodiments of the present disclosure may be imple-
mented into a system using any suitable hardware and/or
software to configure as desired. FIG. 10 schematically illus-
trates a computing device that includes embedded bridge
interconnections with layered interconnect structures in a
substrate as described herein, in accordance with some
embodiments. The computing device 1000 may house a
board such as motherboard 1002. Motherboard 1002 may
include a number of components, including but not limited to
processor 1004 and at least one communication chip 1006.
Processor 1004 may be physically and electrically coupled to
motherboard 1002. In some implementations, the at least one
communication chip 1006 may also be physically and elec-
trically coupled to motherboard 1002. In further implemen-
tations, communication chip 1006 may be part of processor
1004.

Depending on its applications, computing device 1000
may include other components that may or may not be physi-
cally and electrically coupled to motherboard 1002. These
other components may include, but are not limited to, volatile
memory (e.g., DRAM), non-volatile memory (e.g., ROM),
flash memory, a graphics processor, a digital signal processor,
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a crypto processor, a chipset, an antenna, a display, a touch-
screen display, a touchscreen controller, a battery, an audio
codec, a video codec, a power amplifier, a global positioning
system (GPS) device, a compass, a Geiger counter, an accel-
erometer, a gyroscope, a speaker, a camera, and a mass stor-
age device (such as hard disk drive, compact disk (CD),
digital versatile disk (DVD), and so forth).

Communication chip 1006 may enable wireless commu-
nications for the transfer of data to and from computing
device 1000. The term “wireless” and its derivatives may be
used to describe circuits, devices, systems, methods, tech-
niques, communications channels, etc., that may communi-
cate data through the use of modulated electromagnetic radia-
tion through a non-solid medium. The term does not imply
that the associated devices do not contain any wires, although
in some embodiments they might not. Communication chip
1006 may implement any of a number of wireless standards or
protocols, including but not limited to Institute for Electrical
and Electronic Engineers (IEEE) standards including Wi-Fi
(IEEE 802.11 family), IEEE 802.16 standards (e.g., IEEE
802.16-2005 Amendment), Long-Term Evolution (LTE)
project along with any amendments, updates, and/or revi-
sions (e.g., advanced LTE project, ultra mobile broadband
(UMB) project (also referred to as “3GPP2”), etc.). IEEE
802.16 compatible BWA networks are generally referred to as
WiMAX networks, an acronym that stands for Worldwide
Interoperability for Microwave Access, which is a certifica-
tion mark for products that pass conformity and interoper-
ability tests for the IEEE 802.16 standards. Communication
chip 1006 may operate in accordance with a Global System
for Mobile Communication (GSM), General Packet Radio
Service (GPRS), Universal Mobile Telecommunications Sys-
tem (UMTS), High Speed Packet Access (HSPA), Evolved
HSPA (E-HSPA), or LTE network. Communication chip
1006 may operate in accordance with Enhanced Data for
GSM Evolution (EDGE), GSM EDGE Radio Access Net-
work (GERAN), Universal Terrestrial Radio Access Network
(UTRAN), or Evolved UTRAN (E-UTRAN). Communica-
tion chip 1006 may operate in accordance with Code Division
Multiple Access (CDMA), Time Division Multiple Access
(TDMA), Digital Enhanced Cordless Telecommunications
(DECT), Evolution-Data Optimized (EV-DO), derivatives
thereof, as well as any other wireless protocols that are des-
ignated as 3G, 4G, 5G, and beyond. Communication chip
1006 may operate in accordance with other wireless protocols
in other embodiments.

Computing device 1000 may include a plurality of com-
munication chips 1006. For instance, a first communication
chip 1006 may be dedicated to shorter range wireless com-
munications such as Wi-Fi and Bluetooth, and a second com-
munication chip 1006 may be dedicated to longer range wire-
less communications such as GPS, EDGE, GPRS, COMA,
WiMAX, LTE, Ev-DO, and others.

Processor 1004 of computing device 1000 may be pack-
aged in an IC assembly (e.g., IC assembly 100 of FIG. 1) that
includes a substrate (e.g. package substrate 150 of FIG. 1)
having embedded bridges with layered interconnect struc-
tures as described herein. For example, circuit board 190 of
FIG. 1 may be motherboard 1002, and processor 1004 may be
die 110 coupled to package substrate 150 using interconnect
structure 130 of FIG. 1. Package substrate 150 and mother-
board 1002 may be coupled together using package level
interconnects. The term “processor” may refer to any device
or portion of a device that processes electronic data from
registers and/or memory to transform that electronic data into
other electronic data that may be stored in registers and/or
memory.
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Communication chip 1006 may also include a the (e.g., the
120 of FIG. 1) that may be packaged in an IC assembly (e.g.,
IC assembly 100 of FIG. 1) that includes a substrate (e.g.
package substrate 150 of FIG. 1) having embedded bridges
with layered interconnect structures as described herein. In
further implementations, another component (e.g., memory
device or other integrated circuit device) housed within com-
puting device 1000 may include a die (e.g., die 110 of FIG. 1)
that may be packaged in an IC assembly (e.g., IC assembly
100 of FIG. 1) that includes a substrate (e.g. package substrate
150 of FIG. 1) having embedded bridges with layered inter-
connect structures as described herein. According to some
embodiments, multiple processor chips and/or memory chips
may be disposed on a same package substrate and the embed-
ded bridges with layered interconnect structures may electri-
cally route signals between any two of the processor or
memory chips. In some embodiments, a single processor chip
may be coupled with another processor chip using a first
embedded bridge and a memory chip using a second embed-
ded bridge.

In various implementations, computing device 1000 may
be a laptop, a netbook, a notebook, an Ultrabook™, a smart-
phone, a tablet, a personal digital assistant (PDA), an ultra
mobile PC, a mobile phone, a desktop computer, a server, a
printer, a scanner, a monitor, a set-top box, an entertainment
control unit, a digital camera, a portable music player, or a
digital video recorder. In further implementations, the com-
puting device 1000 may be any other electronic device that
processes data.

EXAMPLES

According to various embodiments, the present disclosure
describes an apparatus or integrated circuit assembly which
may include a substrate, a bridge embedded in the substrate,
the bridge being configured to route electrical signals
between a first die and a second die; and an interconnect
structure electrically coupled with the bridge. The intercon-
nect structure may include a via structure including a first
conductive material, the via structure being disposed to route
the electrical signals through at least a portion of the sub-
strate, a barrier layer including a second conductive material
disposed on the via structure, and a solderable material
including a third conductive material disposed on the barrier
layer. The first conductive material, the second conductive
material, and the third conductive material may have different
chemical composition.

In embodiments, the bridge may further include a pad. The
first conductive material may be in direct contact with the pad.

In embodiments, the via structure may protrude beyond a
surface of an outermost build-up layer of the substrate.

In embodiments, the barrier layer may cover a surface of
the via structure to inhibit diffusion of the first conductive
material through the barrier layer.

In embodiments, the first die may include a processor, and
the second die may include a memory die or another proces-
sor.

In embodiments, the electrical signals may be input/output
(I/O) signals.

In embodiments, the bridge may include a semiconductor
material including silicon (Si), and the substrate may include
an epoxy-based dielectric material.

In embodiments, the bridge may be embedded in the sub-
strate using ABF lamination.
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In embodiments, the first conductive material may include
copper (Cu); the second conductive material may include
nickel (Ni); and the third conductive material may include tin
(Sn).

According to various embodiments, the present disclosure
describes of fabricating a packing substrate of an integrated
circuit assembly. In some embodiments, the method includes
embedding a bridge in a substrate, forming a joint including a
first conductive material, connected with the bridge to route
electrical signals beyond a surface of the substrate; forming a
barrier layer including a second conductive material, directly
on the joint; and forming a solder layer including a third
conductive material, directly on the barrier layer. The barrier
layer and the solder layer may be configured to route the
electrical signals.

In embodiments, embedding the bridge in the substrate
may further include forming a bridge cavity, placing the
bridge in the bridge cavity, and laminating a dielectric mate-
rial over the bridge.

In embodiments, forming the joint may further include
forming a via cavity in the substrate, forming an opening in a
photosensitive material over the via cavity, and depositing the
first conductive material into the via cavity and the opening
using a plating process.

In embodiments, forming the barrier layer may include
depositing the second conductive material on the joint.

In embodiments, forming the solder layer may include
depositing the third conductive material on the barrier layer.

Inembodiments, the method may further include reflowing
the solder layer to form a round bump.

In embodiments, the first conductive material may include
copper (Cu); the second conductive material may include
nickel (Ni); and the third conductive material may include tin
(Sn).

According to various embodiments, the present disclosure
describes a storage medium, having multiple instructions
configured to cause a device, in response to execution of the
instructions by the device, to practice any previously
described method.

According to various embodiments, the present disclosure
describes an apparatus for bridge interconnection having
means to practice any previously described method.

According to various embodiments, the present disclosure
describes a product fabricated by any previously described
method.

According to various embodiments, the present disclosure
describes a system or computing device including a first die
and a second die; and a substrate with an embedded bridge
and an interconnect structure. The bridge and the interconnect
structure may be configured to route electrical signals
between the first die and the second die.

The interconnect structure may include a via structure
including a first conductive material, the via structure being
disposed to route the electrical signals through at least a
portion of the substrate, a barrier layer including a second
conductive material disposed on the via structure, and a sol-
derable material including a third conductive material dis-
posed on the barrier layer. The first conductive material, the
second conductive material, and the third conductive material
may have different chemical composition.

In embodiments, the first conductive material may include
copper (Cu); the second conductive material may include
nickel (Ni); and the third conductive material may include tin
(Sn).

In embodiments, the bridge may include a semiconductor
material, the semiconductor material including silicon (Si).
The substrate may include a dielectric material.
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In embodiments, the first die may include a processor, and
the second die may include a memory die or another proces-
SOf.

In embodiments, the first die may include a memory die,
and the second die may include another memory die or a
processor.

In some embodiments, the system or computing device
may further include a circuit board. The circuit board may be
configured to route the electrical signals of the die and one or
more of an antenna, a display, a touchscreen display, a touch-
screen controller, a battery, an audio codec, a video codec, a
power amplifier, a global positioning system (GPS) device, a
compass, a Geiger counter, an accelerometer, a gyroscope, a
speaker, or a camera coupled with the circuit board. In some
embodiments, the system or computing device is one of a
wearable computer, a smartphone, a tablet, a personal digital
assistant, a mobile phone, an ultra mobile PC, an Ultra-
book™, a netbook, a notebook, a laptop, a desktop computer,
a server, a printer, a scanner, a monitor, a set-top box, an
entertainment control unit, a digital camera, a portable music
player, or a digital video recorder.

Various embodiments may include any suitable combina-
tion of the above-described embodiments including alterna-
tive (or) embodiments of embodiments that are described in
conjunctive form (and) above (e.g., the “and” may be “and/
or”). Furthermore, some embodiments may include one or
more articles of manufacture (e.g., non-transitory computer-
readable media) having instructions, stored thereon, that
when executed result in actions of any of the above-described
embodiments. Moreover, some embodiments may include
apparatuses or systems having any suitable means for carry-
ing out the various operations of the above-described embodi-
ments.

The above description of illustrated implementations,
including what is described in the Abstract, is not intended to
be exhaustive or to limit the embodiments of the present
disclosure to the precise forms disclosed. While specific
implementations and examples are described herein for illus-
trative purposes, various equivalent modifications are pos-
sible within the scope of the present disclosure, as those
skilled in the relevant art will recognize.

These modifications may be made to embodiments of the
present disclosure in light of the above detailed description.
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The terms used in the following claims should not be con-
strued to limit various embodiments of the present disclosure
to the specific implementations disclosed in the specification
and the claims. Rather, the scope is to be determined entirely
by the following claims, which are to be construed in accor-
dance with established doctrines of claim interpretation.

What is claimed is:

1. A method, comprising:

embedding a bridge in a substrate;

forming a joint including a first conductive material, con-

nected with the bridge to route electrical signals beyond
a surface of the substrate;

forming a barrier layer including a second conductive

material, directly on the joint; and

forming a solder layer including a third conductive mate-

rial, directly on the barrier layer, the barrier layer and the
solder layer being configured to route the electrical sig-
nals;

wherein embedding the bridge in the substrate comprises

forming a bridge cavity, placing the bridge in the bridge
cavity, and laminating a dielectric material over the
bridge.

2. The method of claim 1, wherein forming the joint com-
prises:

forming a via cavity in the substrate;

forming an opening in a photosensitive material over the

via cavity; and

depositing the first conductive material into the via cavity

and the opening using a plating process.

3. The method of claim 1, wherein forming the barrier layer
comprises:

depositing the second conductive material on the joint.

4. The method of claim 1, wherein forming the solder layer
comprises:

depositing the third conductive material on the barrier

layer.

5. The method of claim 1, further comprising:

reflowing the solder layer to form a round bump.

6. The method of claim 1, wherein the first conductive
material comprises copper (Cu), the second conductive mate-
rial comprises nickel (Ni), and the third conductive material
comprises tin (Sn).



